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INTRODUCTION
In recent years, wide-bandgap semiconductor ma-
terials, such as ZnO, ZnSe, and GaN, have attracted
much attention for the development of blue light-
emitting diodes and laser diodes.1,2 The properties of
ZnO are similar to those of GaN, such as bandgap
energy (ZnO: 3.3 eV and GaN: 3.4 eV) and the lattice
parameters (ZnO: a 5 0.325 nm, c 5 0.521 nm and
GaN: a 5 0.319 nm, c 5 0.519 nm). Thus, the use of
ZnO as a substrate or buffer layer for GaN-based
heteroepitaxial growth for overcoming the difficulty
in bulk-GaN growth has been reported.3 In particu-
lar, ZnO has some notable properties of the large
bond strength and the extreme stability of excitons,
offering the prospect of practical lasers with low
threshold even at high temperature.4,5 Especially,
undoped-ZnO film is promising as a transparent
electrode, not only for its simplicity but also for its
high mobility and high transmittance in the long
wavelength region compared to doped-ZnO films. To
fabricate a high-performance optoelectronic device,
low-resistance ohmic contacts are essential. Only a
few results for ohmic-contact formation on ZnO were
reported.6,7 However, detailed studies of ohmic con-
tact on undoped ZnO have not been performed yet.
The Gibbs free energy of formation for TiO is much
lower than that for ZnO.8 So, the formation of TiO
could produce O vacancies (VO), acting as donors for
electrons in ZnO.9,10 Furthermore, Ti/Al bilayer met-
allization is an effective ohmic contact for wide-
bandgap semiconductors because of the formation of
the intermediate phase of Al3Ti.11 Therefore, it is ex-
pected that a low-resistance ohmic contact could be
achieved using Ti/Al metallization on ZnO.
In this paper, we report a Ti/Al ohmic contact to
undoped ZnO as a function of annealing tempera-
ture. The microstructure at the interface of the con-
tact metal with ZnO was analyzed by x-ray diffrac-
tion (XRD). Synchrotron radiation photoemission
spectroscopy (SRPES) was employed to examine the
change of atomic composition at the interface of Ti
with ZnO as a function of annealing temperature.
From this, the ohmic-contact formation mechanism
on a Ti/Al contact on ZnO is discussed.
EXPERIMENTAL PROCEDURE
The ZnO films used in this work were grown by
metal-organic chemical-vapor deposition on a (0001)
sapphire substrate. An undoped-ZnO layer with a
thickness of 0.2 mm was grown. The electron concen-
tration was 1.7 3 1018 cm23, and the electron mobil-
ity was 59.7 cm2/Vs, determined by Hall measure-
ments. The sample was degreased, using acetone
and isopropan alcohol with ultrasonication, and
rinsed in deionized water. The ZnO samples were
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etched using Cl2 and BCl3 inductively coupled
plasma to form a mesa structure. For measurement
of the contact resistivity, linear-transmission line
pads with gap spacings (5 mm, 10 mm, 20 mm, 30 mm,
40 mm, and 50 mm) between the pads were pat-
terned by photoresist. The patterned sample was de-
posited with Ti (300 Å) and Al (3,000 Å) metals in se-
quence by electron-beam evaporator. Current-
voltage (I-V) measurements were carried out by the
four-point probe technique.
To investigate the chemical-bonding states be-
tween Ti and ZnO by SRPES, a single layer of Ti (20
Å) was deposited using an electron-beam evapora-
tor. The grown sample was cleaned using the same
method mentioned previously and loaded into an ul-
trahigh vacuum chamber (base pressure of ,10210
torr), equipped with an electron analyzer and heat-
ing element, at the 4B1 beam line in the Pohang Ac-
celerator Laboratory. An incident-photon energy of
600 eV was used to obtain Zn 3p, O 1s, and Ti 2p
core-level spectra. The onset of photoemission, corre-
sponding to the vacuum level at the surface of the
Ti-coated ZnO, was measured using an incident-
photon energy of 250 eV with a negative bias on the
sample. The incident-photon energy was calibrated
with the core-level spectrum of Au 4f.
RESULTS AND DISCUSSION
The specific-contact resistivity of the Ti/Al contact
on undoped ZnO is summarized in Table I. To deter-
mine the specific-contact resistivity, resistances for
the each spacing were measured at a voltage of 0 V.
The specific-contact resistivity for the sample an-
nealed at 300°C was evaluated to be 9.0 3 1027 Vcm2.
Figure 1 shows XRD profiles of the Ti/Al contact as
a function of the annealing temperature. At the as-
deposited state, Ti and Al layers were, respectively,
deposited along (002) and (001) directions, which are
the preferred orientations on a (0001) ZnO. When the
sample was annealed at 300°C, a new peak, corre-
sponding to TiO or TiO2, was observed. The Gibbs
free-energy change per mole of oxygen from thermo-
dynamic data8 shows that TiO is a more stable phase
than TiO2 at all temperatures. This means that oxy-
gen atoms in ZnO reacted with the Ti layer to form
TiO. After annealing at 500°C, the TiO peak disap-
peared, but an Al2O3 peak appeared.
The chemical composition at the interface of Ti
with ZnO was characterized as a function of anneal-
ing temperature using SRPES. Figure 2a exhibits
the x-ray photoelectron spectroscopy (XPS) spectra
of O 1s photoelectrons for samples at normal detec-
tion. To separate the chemical-bonding states, in-
cluding in the shoulder, a spectral-synthesis ap-
proach was used. The spectral-line shape was
simulated using a suitable combination of Gaussian
functions. The spectra showed asymmetry at the as-
deposited state, but it became symmetric as anneal-
ing temperature increased. Thus, two components,
one bulk component of O-Zn and one surface compo-
nent of O-Ti, were considered. In the separation, the
full-width-at-half-maximum (FWHM) was fixed
with a constant value: 1.9 eV for the O-Ti bond and
2.3 eV for the O-Zn bond. The binding energy of the
O-Zn bond was higher than that of the O-Ti one,
which agrees well with a previously reported
value.12 As annealing temperature increased, the
peak intensity corresponding to the O-Ti bond in-
Table I. Specific-Contact Resistivities in Ti/Al
Contacts with Annealing Temperature
Annealing Specific-Contact
Temperature Resistivity (Vcm2)
As-deposited 7.3 3 1026
200°C 1.2 3 1026
300°C 9.0 3 1027
400°C 4.5 3 1026
500°C 3.6 3 1024
Fig. 1. The XRD profiles as a function of annealing temperature [j:
ZnO(002); u: TiO(111); d: Ti(002) and Al (111); and s: Al2O3].
Fig. 2. The XPS spectra of the Ti (20 Å)/ZnO sample as a function of
annealing temperature: (a) O 1s and (b) Ti 2p.
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creased, meaning the formation of TiO. The peaks of
O-Zn and O-Ti shifted about 0.2 eV toward lower
binding energy. The XPS spectra of Ti 2p photoelec-
trons are shown in Fig. 2b. The Ti 2p spectra were
symmetric and coincided with the Gaussian fit line,
indicating Ti-O bond. No change in the FWHM inde-
pendent of annealing temperature was observed.
The Ti oxides have been already formed even at the
as-deposited state. This is due to the fact that Ti re-
acted with oxygen atoms during air exposure before
sample loading to the SRPES chamber. The peaks
shifted toward lower binding energy about 0.2 eV.
This is consistent with the shift of the O-Zn bond in
Fig. 2a. Both results in Fig. 2a and b suggest that
Fermi level, EF, at the surface of ZnO shifts by 0.2
eV to valence-band maximum, that is, the increase
in the effective Schottky barrier height (SBH) for
electron transport.
The atomic concentrations of each element were
calculated from the integration of Zn 3p, Ti 2p, and
the O 1s spectra, summarized in Table II. The ratio of
Zn/O[O-Zn] with annealing temperature is plotted in
Fig. 3. The subscript marked in parenthesis means
the type of O bond in ZnO. The value of the Zn/O[O-Zn]
ratio on the as-deposited sample was set as 1.0 for
reference. After annealing at 300°C, the ratio in-
creased. This means that oxygen atoms were out-dif-
fused from ZnO, resulting in the production of oxy-
gen vacancies, VO, at the interface region. When the
sample was annealed at 500°C, the ratio decreased,
meaning the out-diffusion of both Zn and O atoms.
The relative change of work function with the an-
nealing temperature was measured using secondary
electron-emission spectra, as shown in Fig. 4. The
onset of the secondary-electron peak shifts toward
higher kinetic energies with the increase of anneal-
ing temperature, indicating that the work function
of the contact increased through the annealing.
Compared to the as-deposited sample, the work
function was increased by 0.4 eV after annealing at
300°C and 0.8 eV after annealing at 600°C. This
could be due to the formation of TiO and Al2O3 ox-
ides, leading to the increase of the SBH for electron
injection from metal layer to ZnO.
The improvement in contact resistivity after an-
nealing at 300°C can be explained with the energy-
band diagram below the interface of Ti/ZnO, as
shown in Fig. 5. When the sample was annealed at
300°C, the SBH was increased due to the formation
of TiO, as shown in Fig. 2. However, a number of VO
were created at the interfacial contact region. Be-
cause VO act as donors in ZnO,9,10 degenerated ZnO
below the contact can be formed, and thus, electron
Table II. Atomic Concentration of Each Element
Calculated from the Integration of the Zn 3p, Ti 2p,
and O 1s Spectra for the Ti (20 Å)/ZnO Sample
Annealing Temperature O
(°C) Zn Ti O-Ti O-Zn
As-deposited 0.34 0.24 0.28 0.14
300°C 0.36 0.25 0.35 0.04
500°C 0.12 0.34 0.51 0.02
Fig. 3. The change of the Zn/O[O-Zn] atomic ratio with annealing tem-
perature (set as 1.0 for reference for the sample before annealing).
Fig. 4. The secondary electron-emission spectra for the Ti contact
on ZnO before and after annealing at 300°C.
Fig. 5. The schematic energy-band diagram below the interfaces of
Ti/ZnO: (a) as-deposited and (b) annealed at 300°C. After annealing,
degenerated ZnO was formed below the contact interface.
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tunneling by the field-emission mechanism becomes
predominant, resulting in a decrease of contact re-
sistivity.
Based on experimental observations in Figs. 1 and
2, the annealing-temperature dependence of spe-
cific-contact resistivity could be explained as fol-
lows. After annealing at 300°C, XRD and XPS data
showed that Ti reacted with oxygen atoms to form
TiO, leaving VO in ZnO. Because the Gibbs free-en-
ergy change per mole of oxygen for TiO (DG600 5
2967.714 kJ/mole) is much lower than that for ZnO
(DG600 5 2580.904 kJ/mole),8 the formation of TiO
is preferable after annealing at 300°C. The VO, act-
ing as donors, are located at shallow levels with an
energy about 20–40 meV below the conduction-band
edge,9 resulting in the production of electrons. Thus,
it could be explained that the improvement in elec-
trical property of the annealed Ti/Al contacts is due
to the increase in the electron concentration near
the surface of ZnO. After annealing at 500°C, XRD
data showed that the Al2O3 peak appears instead of
the TiO peak because the Gibbs free energy per mole
of oxygen for Al2O3 (DG800 5 2949.925 kJ/mole) is
lower than that for TiO (DG800 5 2929.756
kJ/mole).8 The Al2O3 acts as an insulator, leading to
the increase of the specific-contact resistivity.
CONCLUSIONS
A specific-contact resistivity as low as 9.0 3 1027
Vcm2 was achieved on undoped ZnO by annealing
the Ti (300 Å)/Al (3,000 Å) contact at 300°C. After
annealing at 300°C, increases in Ti-O and O-Ti
bonds were found, meaning the formation of TiO.
The increase in atomic ratio of Zn/O[O-Zn] supports
that a number of VO were produced in ZnO. There-
fore, the electron concentration near the surface of
ZnO increases, leading to the reduction of contact
resistivity. After annealing at 500°C, Al2O3 phase
was formed, which could lead to the degradation of
the device with this contact metallization.
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